Objective: Acellularised porcine scaffolds have been successfully used for cardiovascular tissue engineering. However, there is concern about the possibility of porcine endogenous retrovirus (PERV) transmission. In this study we developed an in vivo model for cross-species PERV transmission. Methods: In vitro autologous repopulated porcine pulmonary arteries ðn ¼ 6Þ were implanted in sheep in orthotopic position. Blood samples were collected regularly up to 6 months after implantation and tested for PERV by means of polymerase chain reaction and reverse transcriptase-polymerase chain reaction. Explanted tissue engineered pulmonary arteries were tested for PERV sequences. Results: PERV DNA was detectable in acellularised porcine scaffolds. No PERV sequences were detectable 6 months after implantation of in vitro repopulated acellularised porcine pulmonary arteries and in all tested peripheral blood samples. Conclusions: Acellularised porcine matrix scaffolds can be used for cardiovascular tissue engineering of autologous grafts without risk of PERV transmission. q
Introduction
The replacement of diseased tissues and restoration of organ function is the ultimate goal in reconstructive surgery [1] . Due to the shortage of autologous and allogeneic grafts xenogenic tissues are routinely applied in clinical practice, i.e. biological heart valve prostheses [2, 3] . Acellularised xenogenic scaffolds are an attractive alternative for cardiovascular tissue engineering. However, there is concern about the possibility of porcine endogenous retrovirus (PERV) transmission [4] . This concern is supported by the findings of Patience, Wilson and Martin who demonstrated PERV infection of human cell lines and primary human endothelial cells (EC) in vitro [5 -7] .
In tissue engineering, acellular porcine scaffolds are implanted as matrices for tissue regeneration. The acellularisation process for biological matrix scaffolds might not remove all native cells or cell debris [8] . Moreover, we recently showed that after acellularisation of porcine tissue up to 2% of native DNA is still detectable within the matrix [9] . These findings might indicate an existing risk for crossspecies PERV transmission after implantation of acellularised porcine tissue. However, there are no data available indicating whether these cell remnants or DNA fragments are capable for PERV transmission.
To elucidate this problem tissue engineered pulmonary arteries (PA) based on acellularised porcine pulmonary artery scaffolds were implanted into sheep for 6 months after which the graft tissue was assessed for PERV by means of polymerase chain reaction (PCR) and reverse 
Materials and methods

Experimental models
All animals received human care in compliance with the Guide for Care and Use of Laboratory Animals published by the National Institutes of Health (NIH publication No. 85-23, revised 1996). Male German landrace pigs (n ¼ 6; range 22-25 kg) were sacrificed, and the pulmonary artery was harvested and immediately stored in HBSS solution at 4 8C for further processing. Six lambs (age 10 -12 weeks, weight 25 -30 kg) underwent general anesthesia for carotide artery harvesting. After 6 weeks, animals were reoperated for implantation of the autologous reseeded porcine pulmonary artery. The heart was exposed by a left anterolateral thoracotomy entering the chest through the fourth intercostal space. Systemic anticoagulation was induced with 400 IU of heparin per kg. By means of femoral arterial and right atrial venous cannulation, normothermic cardiopulmonary bypass was established. On bypass, 0.01 mg/kg fentanyl and 0.02 mg/kg pancuronium were administered to ensure anesthesia. With the heart beating, the pulmonary artery was transected, and a segment of the main PA (3 cm) was removed. The artificial chimeric PA was implanted by using running 5-0 monofilament sutures (Prolene, Ethicon, Inc). The thoracic wall was closed in layers by using resorbable sutures, and an intercostal nerve block with 0.25% bupivacaine was administered. After 10 days in the Medizinische Hochschule Hannover research facilities, the animals were moved to an off-site indoor housing facility. Following implantation blood samples were drawn from all animals at 1 week and 3 and 6 months for plasma and leucocyte isolation and examination for PERV sequences by PCR. The animals were sacrificed after 6 months, and the PA scaffolds were explanted.
Scaffold acellularisation procedure
Porcine pulmonary arteries were flushed with HBSS and incubated for 48 h in 0.1% trypsin -PBS 2 -solution (37 8C). The trypsin was changed after 24 h. Residual cells were removed flushing the scaffolds with PBS at 4 8C. For sterilization, the acellularised scaffolds were radiated with 100 Gy g-radiation (30 min). Semithin 6 mm scaffold sections were stained with hematoxylin before implantation to control decellularization.
Cellular repopulation
Porcine acellular matrices were repopulated with ovine myo-fibroblasts (MFb) (1.2 £ 10 5 cells/cm 2 ) and EC in a bioreactor under dynamic conditions with the bioreactor rotating with 0.5 U/min for 6 h, followed by continuous perfusion with DMEM (30 ml/min) for 24 h. Three repopulation cycles were performed to each cell type. Cultivation lasted 12 days.
Immunohistology
To characterize the repopulated matrix scaffold speciesspecific monoclonal antibodies were used: EC by Factor VIII-related antigen (clone F8/6) and CD-31 integrin (clone JC/70A); MFb by vimentin (clone B3/7) and desmin (clone 4A/6) double-staining. Positive control consisted of untreated porcine pulmonary artery sections. Negative control was performed with mouse serum.
Infection of primary ovine EC
Isolated ovine EC were incubated with PK15 supernatants. The separations were obtained as described in detail by Patience and coworkers [5] .
DNA and RNA isolation from tissue
Porcine acelluarized and explanted in vitro repopulated PA were homogenized in a solution containing 4 M guanidine thiocyanate, 25 mM sodium citrate, 0.5% Sarkosyl, and 0.1 M 2-ME. One milliliter homogenate was mixed with 0.1 ml 2 M sodium acetate (pH 4). One ml water-saturated phenol was added after several inversions, thoroughly mixed and 0.2 ml of 49:1 chloroform/isoamyl alcohol was added and incubated for 15 min at 4 8C. After centrifugation for 20 min at 10 000g, 4 8C the aqueous RNA containing phase was transferred into a second tube. The interphase and lower organic phase were used for precipitate DNA.
Isolation of DNA and RNA from cell cultures
Cellular DNA and RNA of cultured porcine cells (2 -5 £ 10 6 ) were prepared using TRI Reagent (Molecular Research Center, Cincinnati, OH) according to the manufacturer's instructions. Potentially contaminating DNA in the RNA preparation was digested by DNAse treatment (for 10 mg RNA: 10 U RNAse-free DNAseI, 40 U/ml RNAse inhibitor, 1 M MgCl 2 , 0.1 M DTT; 15 min incubation (37 8C); phenol/chloroform extraction).
DNA precipitation
A solution of 0.3 ml of 100% ethanol was added per 1 ml solution and incubated (5 min, RT) and centrifugated (4 8C). Protein containing supernatant was removed. The DNA pellet was washed twice in 0.1 M sodium citrate and resuspended in 75% ethanol and incubated for 20 min at RT. The dried DNA pellet was dissolved in 8 mM NaOH and centrifuged at 12 000g for 10 min. The supernatant was transferred to a new tube, DNA was quantified by reading the A 260 and 0.5-1 mg was added to the PCR mix.
RNA precipitation
RNA was precipitated by adding 1 ml 100% isopropanol to the aqueous phase, incubated for 30 min at 2 20 8C. Centrifugation at 10 000g for 10 min at 4 8C. RNA pellet was dissolved in 0.3 ml and precipitated by adding 0.3 ml 100% isopropanol. The resulting mixture was incubated for 30 min at 2 20 8C and centrifuged. The pellet was washed with 75% ethanol and centrifugated. The supernatant was discarded and the pellet dried. RNA was dissolved in 100 -200 ml DEPC-treated water, incubated for 15 min at 55 8C and stored at 2 70 8C. RNA was quantified by reading the A 260 and A 280 ; 1 mg was used for RT-PCR.
PERV-specific PCR and RT-PCR
Methods were performed according to the PERV protease-specific PCR/RT-PCR described by Patience and coworkers [5] . For c-DNA synthesis 1 mg total RNA and AMV-RT were used. PCR was done with 1 mg genomic DNA. Sensitivity of our system was 1 £ 10 5 cells. PK15 DNA/RNA was used as positive control. EC DNA/RNA and porcine b-globin specific primer served as negative controls.
RT-assay to detect viral RT activity in ovine EC culture supernatant
Five milliliters of 0.45 mm filtered cell culture-supernatant was pelleted at 50 000 rpm, (30 min, 4 8C) and resuspended in 20 ml 1% NP40. 5 ml of this solution was tested in the RT-assay with BMV-RNA and BMV-specific primer. Denaturation for 5 min at 95 8C followed c-DNA synthesis. The BMV-RNA was digested with 100 mg/ml RNAse at 37 8C for 15 min. In a new tube PCR reaction described by Silver et al. [16] occurred. PCR products were separated on a 2% agarose-gel in a Ethidiumbromid-TAEbuffer.
Results
Quality of acellularisation
H&E staining was performed as control of decellularization (Fig. 1b) . It showed cell-free porcine PA scaffolds with a well-preserved extracellular matrix. DNA and total RNA content in native porcine PA ðn ¼ 6Þ were 26 and 50 mg/g, respectively. In decellularized PA scaffolds, only 0.6-0.8 mg of genomic DNA and no RNA was found. Thus, following decellularization less than 3% of native DNA was found in our scaffolds, supporting our histological findings.
Scaffold reseeding
Porcine acellular PA scaffolds were repopulated with ovine MFb and had a confluent luminal EC monolayer ( Fig. 1c and d ) evaluated by scanning electron microscopy and positive staining for vWF and vimentin desmin doubleimmunostaining. Movat pentachrom stain showed amounts of stainable collagen, glycosaminoglycans and proteoglycans, and elastin similar to native ovine vascular tissue. 
In vitro PERV-transfection studies
PERV-specific PCR in the ovine EC cell culture showed an integration of PERV sequences in the ovine genome of primary vascular EC (Fig. 2) . The RT-PCR documents a transcription of PERV sequences in the infected ovine EC. The positive RT-assay demonstrates a productive PERV infection of ovine EC (Fig. 2) . Thus, ovine EC are infected by PERV and produce PERV virus.
In vivo PERV-transmission model
All animals ðn ¼ 6Þ survived surgery and had an uneventful recovery. The tissue engineered PA were explanted 6 months after implantation.
Histologic examinations showed intact tissue engineered PA with a confluent endothelial layer over the full graft length (Fig. 1d) . Composition of vessel wall and its extracellular matrix were similar to native ovine pulmonary arteries. No signs of early calcification could be detected.
PERV-specific PCR and RT-PCR experiments in the isolated DNA and RNA of the ovine EC did not show PERV-specific sequences (Fig. 3) . Internal controls consisting of porcine DNA and RNA showed the expected PERV-specific amplification products, thus ruling out methodological errors.
Examination of peripheral blood monocytes and plasma of sheep by means of PERV-specific PCR revealed negative results up to 6 months after implantation of tissue engineered PA based on decellularized porcine scaffolds (Fig. 3) .
Discussion
The implantation of xenogenic tissues in patients is clinical practice, for example, in biological heart valve Fig. 2 . Agarose-gels of isolated ovine EC incubated with PK 15 supernatants in vitro. PCR: PERV DNA is detectable in infected ovine EC. RT-PCR: infected ovine EC express PERV-RNA. RT-assay: infected ovine EC produce PERV virus. Fig. 3 . PERV-specific PCR in ovine blood specimens 6 months after implantation. replacement or porcine skin-grafting in burn victims. Potential future applications are the implantation of parenchymatous xenogenic organs [17] or the utilization of acellular xenogenic scaffolds for organ replacement in tissue engineering [1] .
The safety of porcine tissue for xenotransplantation has been questioned recently by Patience and Wilson who demonstrated that PERV is capable of infecting human cell lines in vitro [6] . PERV is found ubiquitous in all porcine tissues, but does not cause any disease in pigs [5] . Its infectious potential is unknown in other species including man. The risk of trans-species retroviral infections should not be underestimated, since HIV as another harmless animal retrovirus may cause severe disease in man. However, cross-species transmission of PERV to patients exposed to living pig tissue for a limited time could not be demonstrated [10, 11] . Moza and coworkers showed that the glutaraldehyde treated porcine heart valve does not carry PERV DNA, and patients receiving porcine heart valves do not show any signs of PERV infection up to 3 years after implantation of glutaraldehyde treated porcine heart valves [12] . Whether chemical acellularisation of porcine tissue used for tissue engineering can transfect PERV has not been delineated so far. In this context, however, Zeltinger and coworkers observed residual cell remnants after chemical acellularisation of porcine heart valves [8] . Furthermore we demonstrated that after chemical acellularisation of porcine tissue up to 3% of native DNA is still detectable within the matrix [9] . The question, if these transferred retroviruses might trigger disease in the organ recipient is not sufficiently answered so far. The possible clinical impact of these findings justified in vivo animal studies.
We developed a chronic in vivo sheep model to simulate chimeric tissue implantation over a period of 6 months. An acellular porcine matrix was repopulated with autologous cells in vitro within 3 weeks and implanted in vivo for 6 months. Light microscopy and immunohistochemical staining were applied to control the repopulation process. PCR and RT-PCR were performed to detect PERV-specific sequences. To validate our in vivo experimental data we also established a chimeric ovine in vitro repopulation model by reseeding ovine EC on the very same acellular porcine matrix.
In this study we have shown for the first time that a primary ovine cell can be infected by PERV and converted to be an active producer of PERV particles. To our knowledge this has not been proved before by others. Our chronic in vivo model in sheep applied an acellular pECM as scaffold for in vivo reseeding with ovine EC. We found no evidence of PERV transfection neither in the chimeric cardiovascular implants following reseeding nor in the peripheral blood of experimental animals.
In our study, all isolated and cultured primary porcine vascular cells contained PERV DNA. The sensitivity of the RT-PCR assay was one infected cell in a total of 10 5 cells.
This is in agreement with other studies in porcine cell lines showing different viral production in various cell types [13] . Chimeric cardiovascular implants composed of acellular pECM and ovine EC carry no PERV infection risk. The chosen experimental duration of 6 months is according to the work of Paradis and coworkers [14] a time period which allows even very slight PERV infections to develop and become detected. Following a retroviral PERV infection the viral titer rises within 3 weeks to levels causing virus spreading and general infection [15] .
In conclusion, our developed animal model and the applied methods are suitable instruments to investigate the potential risk of PERV infection in the preclinical and clinical setting. We did not detect PERV transmission or infection in sheep after implantation of tissue engineered heart PA based on acellularised porcine matrix scaffolds repopulated with autologous cells. Thus, the chemical acellularisation process with trypsin/EDTA is sufficient enough to prevent cross-species transmission of PERV. Therefore, this matrix can be used as a scaffold for cardiovascular tissue engineering with no increased risk for cross-species transmission of PERV compared to the clinically established biological xenogenic implants.
